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Abstract

A blocked-off region procedure is implemented with the collapsed dimension method (CDM) to deal with radiative transport p
in irregular geometries. Different test problems are validated for radiative and non-radiative equilibrium situations in participating
participating media. Results are found to be satisfactory for all straight edged, inclined and curved boundaries. The blocked-
procedure based on Cartesian coordinate is found to be very convenient for a ray-tracing method like the CDM. The same r
algorithm for a rectangular enclosure could be effectively used for any kind of 2-D geometries. This significantly reduces the
developing different ray-tracing algorithm for different geometries. In addition, it is an alternative than to write an algorithm in cur
coordinate for irregular geometries which found to be complicated for a ray-tracing method like the CDM.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The popularity and usefulness of a method basically
in its implementation to real geometries. Almost all the r
geometries are irregular and complex in nature and is
reason for ever increasing trend of research in radiative
transfer for complicated geometries. It has also becom
challenge for a particular method as far as its applicab
and accuracy with the irregular structures are concerned

Most of the papers dealing with the irregular geom
tries for radiative transport are found in the 90’s. Sanc
and Smith [1] used the discrete ordinates method for
face radiative exchange between the faces of geome
with straight edged protrusions and obstructions. Chai e
[2,3] simulated radiative transfer in irregular geometries
ing the discrete ordinates method [2] and the finite v
ume method [3]. They used a similar blocked-off reg
procedure to simulate the irregularities based on Carte
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coordinate. They found satisfactory results and discus
the advantages and disadvantages found with this pr
dure. Koo et al. [4] studied the effect of three differe
discrete ordinates methods applied to 2-D curved geo
tries. In another paper, Koo et al. [5] discussed the first
der and second order interpolation schemes in context
the irregular geometries. Monte Carlo method has been
plied by Parthasarathy et al. [6] for irregular geometr
They considered a rhombus, a quadrilateral and an en
sure with curved and straight edged boundaries. They
sidered absorbing, emitting and anisotropically scatte
medium. Sakami and Charette [7] discussed a modified
crete ordinates method based on triangular grids wit
new differencing scheme applicable to different comp
geometries. Some works for 2-D irregular geometries
been done by Meng et al. [8] using the discrete tran
method with a finite element formulation. Some of the
pers are also devoted to 3-D irregular geometries. Malala
era and James [9] implemented the discrete transfer me
to a 3-D L-shaped enclosure and a cylindrical enclos
based on a non-orthogonal, body-fitted coordinate sys
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Nomenclature

I intensity . . . . . . . . . . . . . . . . . . . . . . W·m−2·sr−1

M total number of intensities/rays
p phase function
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

S source function . . . . . . . . . . . . . . . . . . . . . W·m−2

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Tg temperature of the isothermal medium . . . . . K
Th temperature of the hot boundary . . . . . . . . . . . K

Greek symbols

α planar angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad

�α angular thickness of the discrete planar
angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad

β extinction coefficient . . . . . . . . . . . . . . . . . . . m−1

η collapsing coefficient
ε emissivity
σ Stefan–Boltzmann constant . . . . . W·m−2·K−4

τ optical thickness/depth
ω scattering albedo

Subscripts

ref reference
w boundary/wall
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Malalasekera and Lockwood [10] also used the disc
transfer method in conjunction with a cell-blocking proc
dure based on Cartesian coordinate to model combustion
radiative heat transfer in complex three-dimensional tun
geometry.

The CDM is one of the new methods emerging
in radiative transfer problems with participating and no
participating medium. The method is tested for different
uations [11,12] and found to be satisfactory. It is accu
and also economical for a 2-D problem [12]. The metho
also implemented for complex geometries [13] for limit
cases of non-radiative equilibrium situation. A separate
tracing algorithm was developed for cylindrical, L-shap
and quadrilateral geometries. Due to the complexities
sociated with the radiative equilibrium situation for the
type of geometries, it was not implemented for those
uations. Even for non-radiative equilibrium, its ray traci
was quite tedious depending on the shape of the geome
The biggest disadvantage suffered by this method was
non-availability of a single algorithm which can handle a
kind of geometries. The present blocked-off region appro
extends the applicability of the CDM and makes it more g
eral in radiative transport problems in participating mediu

The concept of blocked-off region for radiation was fi
implemented by Chai and his co-workers for the finite v
ume method [3] and the discrete ordinates method [2]. T
validated the results for different test problems and discu
the advantages and disadvantages of this approach.

The implementation of the blocked-off region approa
to the CDM is very straightforward. Although conceptua
it is similar to the work of Chai et al. [2], as far as its im
plementation is concerned, it has a different approach w
is quite simple. A whole rectangular domain which can
called as a nominal or simulated domain is simulated, ou
which one portion is considered to be inactive or block
off and the remaining portion is the actual domain wh
solutions are sought. As soon as an intensity travels thro
these inactive regions, its value becomes zero. The ted
part of ray tracing is only once developed for a 2-D r
tangular geometry and can be successfully implemente
d

.

different irregular geometries by dividing the domain in
inactive and active sub domains. Five different test probl
are considered to check its accuracy and applicability.
CDM fully enjoys this new concept and presents satis
tory results.

2. Analysis

Radiative transfer in irregular geometries is treated w
a concept used in CFD [14]. The algorithm written for a r
ular grid can be modified to handle an irregularly sha
calculation domain. This is done by making some of
control volumes of the regular grid inactive or blocked-
so that the remaining active control volumes represent
desired irregular domain.

Two sample geometries are shown in Fig. 1. The
domain of interest is calculated by considering the wh
rectangular domain mentioned as simulated domain.
shaded portion is the inactive or blocked off region wh
solutions are not required. In Fig. 1(b), a curved boundar
shown which can also be handled by this concept with
step size grid. This way any type of 2-D geometry can
modelled from a rectangular domain. The main advan
achieved with this concept is that the same ray tracing a
rithm can be applied to any kind of irregular structures w
a little expense of computational time.

The CDM [15] is a ray tracing method. To calculate fl
or incident radiation at a certain location, intensities from
directionsα (0 � α � 2π ) [11,15] have to be calculated. I
the CDM, the intensities are always traced from the bou
aries. If the boundary temperature is known, intensities a
boundary can be calculated from the relation,

Iw = εwσT 4
w

2
+ 1− εw

2

π∫
α=0

I−(α)sinα dα (1)

On the right-hand side, the first term in the above equa
is the emitted part and the second term is the reflected
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Fig. 1. Sample irregular geometries.

for a diffuse gray boundary. In this equation,Tw is the tem-
perature of the boundary andI− is the incoming intensity to
the boundary, part of which is reflected back to the medi
Once boundary intensity is known, the intensities are tra
step by step through the control volumes. The recursive r
tion to calculate the intensity at a pointn+1 from the known
intensity at pointn is given by

In+1 = In exp(−τη) + S
[
1− exp(−τη)

]
(2)

HereS is the source function known or evaluated from
previous intensity distribution in an iterative process.τ and
η represent respectively the optical thickness of the med
and the collapsing coefficient for the CDM. The discu
sions about collapsing coefficient for the CDM can be fou
in [15]. In this work, the source function in a particul
control volume is different for different intensities and a
calculated with the bilinear interpolation of the source fu
tion values at the four corners of a particular control volum

The source function in a particular directionα is calcu-
lated as

S = (1− ω)σT 4

2
+ ω

2π

2π∫
α′=0

I (α′)p(α′ → α)dα′ (3)

whereω, T and p are the scattering albedo, temperat
of the medium and the phase function, respectively. In
present work, only isotropic scattering is considered
hence, the value ofp is taken to be 1. The angleα defines
the direction of an intensity measured from normal to
control surface.

Once intensity distributions are known, the radiative h
flux at a particular location can be calculated by integra
Fig. 2. Ray tracing in a domain with a blocked-off/inactive region.

the intensities over complete span of (0� α � 2π ) and can
be expressed as

q =
2π∫

α=0

I (α)sinα dα (4)

This can be numerically integrated as

q =
M∑

n=1

cnI (αn) (5)

where in general

cn =
∣∣∣∣cos

(
αn + �αn

2

)
− cos

(
αn − �αn

2

)∣∣∣∣ (6)

In Eq. (5),M is the number of intensities spanned over 0�
α � 2π and in Eq. (6),�αn is the discrete planar angle ov
whichnth intensity is assumed constant. In the present c
�αn is same for all intensities.

In the proposed blocked-off region procedure for
CDM, the domain is divided into two regions known as
active or blocked-off and the real. As soon as an inten
passes through these inactive regions its magnitude bec
zero. The intensity takes a new boundary condition at
interface of inactive and real domain. In Fig. 2, how a d
main is described for this problem is shown. This case i
reference to Fig. 1(a) of T-shaped enclosure. The whole
ulated domain is discretised into several control volumes
the control volumes which are inside the active regions
designated as one (1) and otherwise they are zero (0). A
ical intensity pathad is shown in this figure. The intensit
originates from pointa with a known boundary condition
As soon as the intensity passes through a pointb, it enters
to a zero domain. As a result, its history gets terminated
it becomes zero till it reaches the pointc. At point c, which
is at the interface between the inactive and active region
gets a second boundary condition. Calculations for the
ac is meaningless and only thecd path contributes to th
flux calculations at pointd .
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For every type of geometry, a domain file has to be c
ated as shown in Fig. 2. By changing the value of a con
volume from 1 to 0, it can be made inactive. This dom
file has to be created as per the grid file for a particular p
lem. The other important additional task for this appro
is to define the additional boundary conditions referred
the second boundary condition in Fig. 2. Depending on
shape of the geometry, a boundary condition file has to
specified.

3. Results and validation

Five test problems are solved to show the performanc
the CDM with the blocked-off region procedure. Except
last problem which deals with non-participating media,

(a)

(b)

(c)

Fig. 3. (a) Sample geometry, (b) emissive power atx/d = 0.5, (c) heat flux
at the bottom wall; radiative equilibrium.
other problems deals with participating media. Both rad
tive and non-radiative equilibrium situations are conside
Test Problems 1 and 2 are self validated and the other
compared with the literature. For all problems conside
boundaries are assumed to be black although the work
no limitation to gray boundaries.

Test Problem 1. The first problem considered is a proble
with radiative equilibrium. The real geometry is extend
by 0.5d in the left side and then simulated by making the
tended portion as an inactive region. This clearly valida
the applicability and accuracy of the blocked-off region.
Fig. 3(a), the description of the geometry is given. The
figure is the real geometry with left boundary at tempe
ture T = 0.5Th, bottom boundary atT = Th and the other
two boundaries atT = 0. The simulated geometry is show
in the right side of Fig. 3(a) with the blocked-off regio
shown by the shaded portion. Calculations are perfor
for both the real geometry and the simulated geometry
arately and compared in Fig. 3(b) and (c). In both ca
(real and simulated), equal number of rays (= 32) are con-
sidered. In Fig. 3(b), emissive power distributions,(T /Th)

4

are shown along y-direction atx/d = 0.5 (in reference to

(a)

(b)

Fig. 4. (a) Sample geometry, (b) heat flux distributions at the boundar
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the real geometry configuration). Three different extinct
coefficients viz.β = 0.1, 1 and 5 are considered. Since, t
medium is at radiative equilibrium and only isotropic sc
tering is considered, results are independent of scatte
albedo. Results of the simulated geometry exactly ma
with the real geometry results. In Fig. 3(c), heat flux
q/(σTh

4) at the bottom boundary are compared and fo
exactly same.

Test Problem 2. The 2nd problem considered is a simi
one with a L-shaped blocked-off region (Fig. 4(a)). The
tive area where solutions are sought is the un-shaded po
Calculations are performed once for the active region
real geometry) alone and then for the whole portion (ac
and inactive together) as seen in the figure. Both radia
and non-radiative equilibrium conditions are considered.
the non-radiative equilibrium situation, medium is isoth
mal (Tg) and all boundaries are cold (zero temperature).
the radiative equilibrium situation, boundary 1 is at some
nite temperature (Th) whereas other 3 boundaries are co
Extinction coefficientβ is taken as unity for both the si
uations and the scattering albedoω is taken as 0 for the
non-radiative equilibrium situation. The heat fluxq/(σT 4

ref)

(a)

(b)

Fig. 5. (a) A quadrilateral geometry, (b) heat flux distributions at the bot
wall; non-radiative equilibrium.
.

distributions at the boundary 1 is shown in Fig. 4(b). The
erence temperatureTref is the medium temperatureTg in the
non-radiative equilibrium situation and temperatureTh of the
boundary 1, in the radiative equilibrium situation. Number
rays considered is 32 for both real and simulated geomet
In this case also, results of the blocked-off region proced
match exactly with the real geometry results for both the
diative and the non-radiative equilibrium situations.

Test Problem 3. The third problem is a quadrilateral geom
etry previously considered by other researchers [5,6
for validation of irregular geometries. The geometry is
scribed in Fig. 5(a). A non-radiative equilibrium situation
considered with an isothermal mediumTg and cold bound-
aries. Three different extinction coefficients are conside
with an absorbing-emitting medium. The whole rectan
is simulated with the inclined planes approximated by s
size grids. A grid of 40× 30 in theX × Y directions and
32 intensity directions are found to be sufficient to have
curate results. The heat fluxq/(σT 4

g ) results at the bottom
boundary is shown in Fig. 5(b). Results are compared w
the exact results available in the literature [16]. An excell
agreement has been found for this problem.

(a)

(b)

Fig. 6. (a) A curved geometry with step size grids, (b) heat flux distribut
at the top boundary; radiative equilibrium.
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Fig. 7. (a) Schematic of the problem, (b) heat flux distributions at the en
sure wall; non-participating medium.

Test Problem 4. In the fourth problem, a geometry with
curved boundary is simulated. This geometry was previo
solved by Chai and his co-workers [3,6,16] and Sak
and Charette [7]. The schematic of the problem is sho
in Fig. 6(a). The curved boundary is simulated with a s
size grid as shown in the figure. The actual grid conside
is 30× 50 (X − Y) although in the figure a coarse gr
is shown. This is a case of radiative equilibrium with t
curved boundary at some finite temperatureT = Th while
the other boundaries are cold (T = 0). The extinction co-
efficient β of the medium is unity. The heat fluxq/(σT 4

h )

results at the top boundary is shown in Fig. 6(b). The res
of this work are found satisfactory as compared to the Mo
Carlo results (taken to be exact) found in [6]. Although,
number of intensity directions considered here is quite h
(= 200) to reduce the ray effect at the cold top bound
slight discrepancies at the edges could not be eliminated

Test Problem 5. The last problem considered is the pro
lem investigated previously by Sanchez and Smith [1]
then Chai et al. [3]. The schematic of the problem is sho
in Fig. 7(a). It consists of a square enclosure with a cen
blockage. The medium is non-participating. The left bou
ary is set at 320 K and all the other boundaries including
boundaries of the central blockage are set at 300 K. The
flux q results at the boundary of the enclosure are prese
in Fig. 7(b). A total of 40× 40 control volumes and 32 in
tensity directions are considered. The distanceζ is measured
from the lower left corner of the enclosure. The results co
pare well with the solution of the RIM (radiosity/irradiatio
method) of Sanchez and Smith [1].

4. Conclusions and final remarks

This work shows that the CDM can be applied with the
regular geometries. The same Cartesian coordinate bas
gorithm can be applied to model curved and inclined bou
aries and also can take care of blockages. This procedu
very advantageous for a ray tracing method like the C
and shows quite accurate results. This procedure, of co
has the disadvantage of unnecessary calculation in the
tive region. In addition, a large number of control volum
have to be considered to model curved and inclined bou
aries and calculation of flux and incident radiation on th
boundaries are also difficult. But nevertheless, it shows
alternative as far as the tedious ray-tracing algorithm c
sidered with the irregular geometries and hence can be
sidered as an useful approach for the solution of radia
transfer problems in irregular geometries with the CDM.
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